The paper presents the fundamentals of the squeeze-flow of the thermal interface material (TIM) that takes place during the pressing of a heat sink to the back side of a flip-chip is studied. A two-dimensional string model is developed for predicting the time-varying plate separation and squeeze-rate in terms of the squeeze force. The predictions are compared to a one-dimensional string model and to a squeeze-drop flow model. Results indicate that the flow resulting from the squeezing of a string of TIM between two rigid plates is truly two-dimensional. The effect of surface tension and of the heat transfer is found to be negligible under the assembly conditions. The flow behaviour of the TIM with suspensions of high thermal conductivity particles is also investigated. It is shown that the fluid remains Newtonian for particle volume fractions smaller than 30%. For volume fractions larger than 30%, the fluid becomes Non-Newtonian during the early stages of the squeezing process, i.e. fort:=:;; Is. In the later stages however (t > lOs), the fluid may be considered Newtonian.
INTRODUCTION
In the squeeze-flow problem, a material is deformed between two approaching rigid bodies and the squeeze force F w and plate separation bet) (and the squeeze-rate vw(t) = db(t) / dt) are correlated. This problem has been the subject of few investigations in the past. Studies were conducted both experimentally and computationally for Newtonian as well as Non-Newtonian fluids under different flow conditions [1] [2] [3] [4] [5] [6] [7] .
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The problem of squeeze-flow between rigid plates fmds an interesting application in the assembly of electronic components. Indeed, in order to improve heat dissipation from a high power flip-chip, a heat sink is often fixed to it (Fig. 1 ). This is achieved first by putting a string of thermal interface material (TIM) on the back side of the chip and, next, by pressing the heat sink against it. As a result, the material is squeezed while it fills the space between the parallel plates. This problem is of interest to the electronic packaging industry for two reasons: first, it is a key step in the assembly process. Second, it affects the structural integrity and the thermal performance of the resulting electronic module. Surprisingly, no fundamental study has been reported in the open literature on this matter. The present paper remedies this situation.
A two-dimensional mathematical model for the squeeze-flow of a string of thermal interface material is first developed and studied with regards to the assembly process. Next the effect of surface tension and of the heat transfer on the behaviour of the squeeze-flow is examined. Finally, a model is presented for the Non-Newtonian behaviour of a TIM filled with suspensions of high thermal conductivity particles.
PROBLEM STATEMENT AND ASSUMPTIONS
A schematic representation of the problem is depicted in Fig. (2) . Typical conditions for the assembly process of a heat sink to a flip-chip, hereupon called the standard conditions for the assembly process, are summarized in Table 1 . 4. The pressure distribution inside the thermal interface material is two-dimensional P = P(x, y) .
5. Surface tension is negligible. 6. The flow is isothermal. 7. The flow is Newtonian.
The assumption 3 neglects the influence of the terms that could be of importance at the beginning of the process when the width and the height of the string are similar, which should stand for a really small time. In the next section, a two-dimensional squeeze-flow model for a string of TIM is presented. This model, called the basic two-dimensional string model, rests on the above assumptions. The model is next improved by removing assumptions 5, 6 and 7 in turn.
THE BASIC TWO-DIMENSIONAL STRING MODEL
Based on the foregoing assumptions, the mass and momentum conservation equations for the flow of a squeezed string of TIM may be sated as
According to assumption 1, the inertia terms in Eqs. (2) 
1 ap ( 2 ) vx(x,y,z) = 2Jt aX z -bz
The velocity distributions of Eqs. (6) and (7) are then employed to determine the mass flow rates m x and my, i.e., Fig. 3 . It is seen that the pressure drops chiefly near the free surfaces, which mean all over the y-direction while it remains nearly uniform in the direction perpendicular to it (x-direction). Substituting the pressure distribution (13) back into Eqs. (6) and (7) yields the velocity components, i.e., (14)
The applied force on the top plate F w is now related to the downward velocity, i.e., the squeeze-rate, vw (i.e., vw = -db / dt ) via the following relation
Substituting the pressure distribution (13) bet) for two distinctive time periods of the squeezing process.
In the first case, it is assumed that the liquid layer has already reached the extremities of the rigid plates in the y-direction and it overflows. As a result, the width of the TIM string remains fixed, i.e. a*" a(t). In this case, the solution ofEq. (17) is (18) [
For convenience, Eq. (18) is cast in the following dimensionless form: are also shown. The one-dimensional string model was developed in a way similar to that of the two-dimensional string model except for the fact that the pressure distribution is dependent on the y-direction only, i.e., P = P(y) . As for the squeeze-drop flow model, it is a one-dimensional radial model, that is P = P(r) . This figure reveals that the squeeze-rate is very steep in the early stages of the squeezing process and then it quickly levels off. The squeeze-rate is faster for the drop than for the string. The figure also shows that the predictions of the one-dimensional string model are way off.
The second case seeks a solution for Eq. (17) in the early stages of the squeezing process that is before the free interface of the material reaches the y-extremities of the plates. In this case, the width of the string is time-dependent, i.e., a = aCt) . Then, 
for which ; = a . Once again, it is seen that the predictions of the one-dimensional string model are inaccurate. Also, the predicted squeeze-rate for the two-dimensional string model remains smaller than that for the drop model. Indeed, in order to yield the very same final layer thickness, the initial volume of TIM for the string must be larger than that for the droplet (to compensate for the overflow). Since the applied force F w is the same for the three models, the resulting stress component (J'zz for the string model is smaller that that for the drop model and so is its squeeze-rate.
THE EFFECT OF SURFACE TENSION
The basic two-dimensional string model developed in the previous section ignores the effect of surface tension on the squeeze-flow. But is this effect influential during the assembly of the heat sink to the flipchip? This question is examined next by removing assumption no. 5 from the basic two-dimensional string model. . . .
. .
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Surface tensIOn IS taken mto account by Imposmg a pressure p,. = b(t) at both free surfaces of the string. The contact angle e is shown in Fig. 6 . This figure delineates the influence of surface tension on the flow. It is assumed here that the effect of surface tension becomes negligible for F p / F w ::;; 0,1. Due to its larger free surface, the squeeze-flow of the string appears to be more sensitive to the effect of surface tension than that of the droplet. However, under the standard conditions for the assembly process (Table 1) , Ca = 11.57 for the string and the droplet. It is seen that for this value of Ca, the effect of surface tension on the squeeze-flow is insignificant for 0~10-4. Consequently, it is acceptable to ignore the effect of surface tension on the squeeze-flow during the entire assembly process.
THE NON-ISOTHERMAL FLOW
Heating the TIM reduces its viscosity and, as a result, eases the squeeze-flow. This effect was also investigated. Assumption no. 6 from the basic two-dimensional string model was removed and a temperature dependent relation for the viscosity of the form f-l = f-loeP(To-T) was suggested. Eq. (28) was solved with a finite-difference method. This solution gives the relation e(r) that reveals the limit of the operating conditions for which heating the TIM is of interest, which has been fixed at e> 0.01 after O.ls. This limit is shown in Fig. 8 
in terms of the initial layer thickness of the TIM (b o )
versus the Peelet number of the flow, fixed by the operating conditions. The solution for the squeeze-drop flow problem is also reported in this figure. As expected, the thicker the initial layer of the TIM, the more beneficial is the heating effect on the squeeze-flow. On the other hand, heating the TIM is increasingly useless as the Peelet number of the squeeze-flow increases. It is elear that for the standard assembly conditions heating the TIM is of no interest. 
SUSPENSIONS OF PARTICLES
In order to increase its thermal conductivity and consequently enhance heat dissipation, metallic particles are sometimes added to the TIM. These spherical particles are usually made of silver and their diameters range from few microns to about 50 microns [8] . Experiments carried out by Prasher et al. [9] have shown that the behaviour of squeeze-flows with suspensions of particles may be approximated as a Non-Newtonian Herschel-Bulkley material at strains greater than the elastic limit. This limit is reached when the flow velocity exceeds a critical velocity Dc given by the following relation [2] (29) n is the power law index, 77HB is the Herschel-Bulkley effective viscosity, Dc is the critical speed, k p is the permeability of the flow and 0'0 is the yield stress. For typical TIMs, the magnitude of k p is of the order of 2.10-13 m 2 [2] . Fig. 9 shows that for such fluids the squeeze-flow behaves as a Herschel-Bulkley material. Therefore, the analysis presented in section 3 may be repeated here for Non-Newtonian fluids. 
The strain rate is defined as r = --an rij = -+ -. . _ (8PJ-
With the help of equation (37) 
for z < Zy
for Z < Zy The relation between the pressure distribution and the squeeze-ratev w is obtained by invoking Eq. (10),
i.e.,
Substituting Eqs. (41) and (42) 
Eq. (45) is equivalent to the solution reported by Covey and Stanmore [5] . Furthermore, for a Newtonian fluid, (To = 0 and n = 1, and Eq. (44) reduces to Eq. (12) presented above.
As an example, Fig. 10 shows the temporal variation of the plate separation predicted with Eq. (44). The solution for the Newtonian fluid is also depicted. This figure reveals that, in the very early stages of the squeezing process, the squeeze rate for the NonNewtonian fluid is two orders of magnitude larger than that of the Newtonian fluid. During this short period of time, the string of Herschel-Bulkley material spreads quickly and, as a result, the magnitude of its strain rate is significantly larger than the one prevailing in the Newtonian fluid. This behaviour is illustrated in Fig. 11 . It is seen that the apparent viscosity of the Herschel-Bulkley material diminishes exponentially with the strain rate and, for strain rates larger than 0.3 S-1 , it becomes smaller than that of the Newtonian fluid. On the other hand, for t~Is, Fig. 10 shows that the predictions for both models are nearly similar. Note that for t~00 , the plate separation b becomes null for the Newtonian material. For the Herschel-Bulkley material however, the plates never touch (b *-0) since the apparent viscosity Ji app becomes infinite as the strain rate rtends to zero. This is illustrated in Fig. 11.   250.-----.-------r------,..-----.---- Results reported thus far are valid for a particle volume fraction ¢ = 50%. The particle volume fraction ¢ is defined as the ratio of the volume of particles to that of the particles and of the fluid.
However, as reported by Prasher et AI. [1] in Table 2 , the particle volume fraction strongly influences the physical properties of the Herschel-Bulkley material and, consequently, the behaviour of the NonNewtonian fluid. This is illustrated in Fig. 12 . As ¢ increases, the initial squeeze-rate augments and the behaviour of the fluid departs increasingly from that of a Newtonian fluid. Also, the fmal plate separation is larger for materials with larger particle volume fractions. These findings are in agreement with the results reported by Prasher et AI. [1] .
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CONCLUSION
The squeeze-flow problem of a thermal interface material that takes place during the pressing of a heat sink to the back side of a flip-chip was studied. The main conclusions that can be drawn from this study are the following:
• The flow resulting from the squeezing of a string of material between two rigid plates is truly two-dimensional.
• The squeeze-flow is characterized by two regimes. The first regime prevails before the free interface reaches the extremities of the plates. In this case, the time-varying liquid layer thickness (and squeeze-rate) is determined with Eqs. (20) and (22). The second regime prevails once the free interface has crossed the extremities, i.e., when the material overflows the plates. In this case, the time-varying liquid layer thickness (and squeeze-rate) is predicted by Eq. (18).
• The effect of surface tension on the squeeze-flow of the thermal interface material was found to be negligible under the standard conditions. • Heating the thermal interface material for reducing its viscosity and therefore enhancing its squeeze-flow is of no interest for the actual assembly process.
• The thermal conductivity of the interface material may be enhanced with dispersed solid particles.
For TIMs with particle volume fractions smaller than 30%, the behaviour of the squeeze-flow remains Newtonian. However, for particle volume fractions larger than 30%, its behaviour becomes Non-Newtonian. In this case, the time-varying liquid layer thickness (and squeeze-rate) is determined with Eq. (44).
• Simulations have shown that the squeeze-flow of a TIM with suspensions of particles behave as a Non-Newtonian fluid in the early stages of the squcezing process, i.e. for t~Is. In the later stages however (t > lOs ), the behaviour of the squ el'l'-flow is indistinguishable from that of a Newtonian fluid. 
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